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TRANSIENT ANALYSIS OF TWO-PHASE 
NATURAL-CIRCULATION SYSTEMS 

by 

R. P. Anderson, L. T. Bryant, J. C. Car ter , 
and J. F . Marchater re 

ABSTRACT 

The design of high-performance natural-circulat ion 
boiling systems requires that the behavior of the systems be 
charac ter izedunder t ransient conditions. In order to accom
plish this , the t ime- and space-dependent continuity, energy, 
and momentum equations for a natural-circulat ion system 
are written. 

This publication presents a technique for solving the 
equations of a natural-circulat ion system. The solutions are 
compared with experimental resul ts at various p re s su res 
with two geometr ies in boiling water sys tems . 

The solutions meet the established c r i t e r ia . The ana
log model is useful for predicting the behavior of two-phase 
natural-c i rculat ion systems during t rans ients . The model 
accurately predicts the point at which such systems exhibit 
oscil latory behavior. 

The resul ts were found to be sensitive to the vapor-
liquid velocity rat io (slip ratio) used in the computation. The 
velocity ratio correlat ion used in the model is presented. All 
computations, c i rcu i t s , and operating information necessa ry 
to duplicate the experiment a re given. 

I. INTRODUCTION 

The use of boiling for heat removal from high-performance nuclear 
reac tor sys tems has focused attention on the problems of predicting the 
t ransient behavior of both forced- and natural-c i rculat ion two-phase s y s 
t ems . A number of invest igators (Ref. 1-6) have made studies of the poss i 
ble mechanisms which cause oscillations in natural-c i rculat ion sys tems . 



Unstable behavior is one of the main power-limiting factors in a 
boiling water reactor . Similar unstable behavior has been noted in reac tor -
simulating test loops with constant power input. In the belief that the osc i l 
lations observed in test loops were a pr imary contributing factor for, if not 
the sole cause of, reactor oscillations, experimental study of the dynamic 
behavior of two-phase natural-circulat ion loops has been car r ied out over 
the past two years . A typical test loop is shown in Fig. 1. 

K 

Jt (l-x)Wt,hf 

ACTIVE 
TEST 

SECTION 

r 

^}' 

Fig. 1. Boiling Loop 

In the initial stages of this investigation, a quick-response optical 
recording system was installed. This system was used to record: t e m 
perature (measured ^vith very small bead thermocouples) at the makeup 
point and various points throughout the downcomer, including the test 
section inlet; pressure drop (measured with a strain-gage t ransducer) 
across the orifices measuring steam and makeup flow and the venturi 
measuring total flow; the output signal from turbine flow mete r s in the in
let and for some of the tests in the outlet of the test section; s t eam-
volume-fraction indication from a 7-ray-attenuation measuring device; 
power for the ser ies of runs where the power was oscillated. Simulta
neously, the following steady-state measurements were recorded: system 
pressure ; makeup temperature; downcomer temperature ; inlet t empera 
ture ; pressure drop across the various flow-measuring devices; p ressu re 
drop across the individual segments of the loop and power. 



During the course of this experiment the following geometr ies were 
used: 

1. I .252-cm-ID test section and r i se r - unrest r ic ted; 

2. 1.580-cm-ID test section and r i s e r - unrest r ic ted; 

3. 2.381-cm-ID test section and r i s e r - unrest r ic ted; 

4. 1.252-cm-ID test section, 1.580-cm r i se r - unres t r ic ted; 

5. 2.381-cm-ID test section, 1.580-cm r i se r - u n r e s t r i c t e d ; 

6. 2.381-cm-ID test section and r i se r - res t r ic ted : 

a. large r i se r res tr ic t ion only; 

b. small r i s e r res tr ic t ion only; 

c. large downcomer restr ic t ion only; 

d. small downcomer restr ic t ion only; 

e. large r i s e r res t r ic t ion, small downcomer res t r ic t ion; 

f . small r i s e r res t r ic t ion, large downcomer res t r ic t ion . 

The large and small r i s e r res t r ic t ions were orifices with inside 
d iameters of 1.1 9 cm and 1.67 cm. The large and small downcomer r e 
str ict ions were c rossover valve settings corresponding to flow reductions 
of 10% and 22%. In all cases the test section length was 0.914 m and the 
r i s e r length was 0.762 m. 

The ser ies of different operating p ressu res for each geometry 
usually included 300, 400, 500, and 600 psig. At a given operating p r e s 
sure and geometry the power was raised in increments , with a stabilizing 
period between the time when the power was increased and the time when 
the measurements were taken. For each run a fast and a slow t race of the 
t ransient instrumentation were taken, and the steady-state measurements 
were recorded. The loop was termed unstable if steady oscillations were 
detected in the measurement of the total recirculat ion flow. In some cases 
this was not an abrupt change with the loop going from stable to unstable 
during one incremental change of power, but instead showed an increasing 
lack of stability over a range of powers. For certain of the above p ressu re 
and geometry combinations the power was sinusoidally varied at one-half, 
one, and two cycles per second, and the resultant parameter variation was 
recorded by the instrumentation for measuring t rans ien ts . 

Before the resul ts of these tes ts were completely reduced and tabu
lated, it was believed that a large-enough backlog of experimental data were 
available to furnish an adequate comparison with an attempted analytical 
model . 
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Two approaches to the problem of stability prediction have been 
tried: 

1. The cause of the oscillation is assumed to be an isolated 
phenomenon and the phenomenon is studied in detail. 

2. Solutions of the general t ime-dependent equations of the 
system are studied by either analytical solutions of l inearized equations 
or computer solutions of lumped- parameter models . 

With the experimental information derived, another analytical 
attempt was justified. It is reasonable that any model must meet three 
requirements: 

1. The model must provide an accurate s teady-state calculation 
of the recirculation rate and vapor volume fraction for various power 
inputs; 

2. It must reproduce the experimental t ransient behavior during 
varying power inputs; and 

3. The model must accurately predict the inception of oscillations 
in a natural-circulation system without adjusting constants between analog 
calculations. 



II. THE TIME- AND SPACE-DEPENDENT MASS, ENERGY, 
AND MOMENTUM EQUATIONS 

I I 

_g> 

The loop is divided into four increments as shown in Fig. 2. Posi
tions 1,2,3, and 4 correspond to 

"ftK^uf r^ -oicTEjM the top of the riser, inlet to the test 
section, net boiling boundary, and 
the bottom of the riser, respectively. 

The system is subject to 
geometric constraints and the equa
tions for conservation of mass, 
energy, and momentum are written 
for each increment. 

'^boiLING 
BOUNDARY 

The application of the law 
of conservation of mass to the two-
phase segments of the loop results 
in an equation in which the rate of 
change of the mass in an increment 
is equal to the difference in inlet 
and exit mass flow rates. 

Fig. 2. Analog Loop 

conditions, the equation becomes 

d(AT.e3-4P3-4) 
dT 

In the boiling segment with 
all water inlet and two-phase exit 

Wf3 - Wf̂  - Wĝ  (1) 

In the riser. 

d(p4-,AR Z^.i) ^ ^^ ^ 
W 

dT 
g4 Vff W gi (2) 

The total mass flow across any plane is equated to the mass of the 
vapor and the mass of the liquid flowing across the plane. The resultant 
equation is an altered form of the well-known slip-ratio equation: 

fe) (̂  Pi 
(3) 

This equation is used to determine liquid flow past a point when gas flow, 
steam volume fraction, and vapor-liquid velocity ratio at the point are known. 
Thus, at the exit plane of the test section. 
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Wf̂  = 
Pf 

PaS 

w„ 

a 4 

Pf 

PpS w g4 (4) 

In steady state the nonboiling length can be calculated from an 
energy balance: 

(•^2-3)st.St. 

Wf̂  ( h f - h j ) 
(5) 

For the time-dependent model, a pseudo-steady-state length was 
calculated continuously, by the use of instantaneous values of flow rate and 
inlet enthalpy in the above equation. At any time t, the difference between 
the pseudo-steady-state value and the actual value is assumed to be directly 
proportional to the time derivative of the length. The derivative is also a s 
sumed to be inversely proportional to the t ransport time through the non-
boiling length, T2-3, where 

T , - , -«2-3ATPf/Wf, (6) 

t h u s . 

'̂ (•''-2-3) ^ (-<'2-3)pseudo St.St. - f'2 
dT T,-3 (7) 

Combining equations 4, 5, and 6 and simplifying: 

d(i!2-3) 
d T 

«T \ Wf̂  ( h f - h j ) 

AxPf Q T f' T ^'2-3 

Wf, 

ATPf 
(8) 

Similarly, energy conservation in the boiling part of the test section 
leads to the equation for variation of exit gas flow rate in t e rms of a pseudo-
steady-state gas flow ra te : 

^*g4^Pseudo St.St. - Q T ~J^ 
'ig 

and time lag through the boiling section, 

T3-4 = ^3-4 ^ 3 - . P g / ^ g , - . . 

resulting in 

d(Wg^) Q.^ W 
g4 

W 2 
g4 

d T 

(9) 

(10) 

11 
2 h f g i T P g A g 2 A g P g ^ ^ _ ^ 
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In increments where external energy t ranspor t is zero , the energy-
conservation equations are in the form of simple t ime-lag equations with 
the exit pa ramete r s lagging the inlet parameter by the t ransi t time through 
the increment . 

The inlet tempera ture is calculated from a heat balance of the make
up point and lagged by the t ransi t time to the inlet: 

Wf̂  hj = hf (Wf̂  - WgJ + h m Wg^ ; (12) 

Ti-2 = i i-2 Pf Ao/Wf^ . (13) 

The exit vapor flow from the r i se r is lagged by a variable time lag 
based on the mean velocity of the r i s e r : 

T4-1 = A R / . R P4.i/W4,i . (14) 

The mean velocity in the r i se r as used in the above equation and the 
momentum equation is based on the mean value of inlet and exit mass flow 
r a t e s : 

W4.1 = -i- (Wf̂  + Wg^ + Wf̂  + WgJ . (15) 

Similarly, 

W3.4 = y (Wf̂  + Wg^ +W^J . (16) 

A l inear variation is assumed for steam void fraction in the r i s e r : 

a4 . i = — {a^ +a i ) . (17) 

The mean void fraction in the boiling portion, however, is adjusted 
to account for the nonlinear variation of void with the variation of quality 
up the test section. Figure 3 shows variation of p as a function of exit void 
fraction. Figure 4 shows a c ross plot from Fig. 3 to give average voids in 
t e r m s of mean density. The proper coefficient, C4, for variation around the 
expected region of in teres t is obtained from Fig. 4, where 

^ ^ ^3-4 
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EXIT STEAM VOLUME FRACTION, t t g 

Fig. 3. Variation of Mean Density in the 
Vertical Boiling Channel to Liquid 
Density for Slip Ratio of Unity 

ae--C,{l-tp/p,)] 

1 5 .6 .7 .8 
EXIT STEAM VOLUME FRACTION,Qg 

Fig. 4. Linear Deviation of Steam Volume 
Fraction in the Test Section 

The vapor-liquid velocity ratio (slip ratio) is a very important 
parameter in the model. For any given pressure and geometry, this ratio 
is represented by an equation of the form 

S = Ci + (C2-C3 Vo)x (19) 

where VQ is the superficial velocity based on the fluid flowing as liquid 
through the total cross section, and x is quality. Here, Cj, Cj, and C3 are 
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e v a l u a t e d by m e a n s of a s l i p - r a t i o c o r r e l a t i o n in t e r m s of the d i m e n s i o n l e s s 

q u a n t i t i e s i ( j ^ ^ ] > and the F r o u d e n u m b e r , V§/gD. F i g u r e 5^'^^ s h o w s 

t h i s c o r r e l a t i o n , which does not have the l i n e a r f o r m of the above s l ip e q u a 
t i on . It was l i n e a r i z e d for the h i g h - q u a l i t y r e g i o n s w h e r e the loop would be 
e x p e c t e d to go u n s t a b l e . 

[""-"] ',!>, 

F i g . 5. C o r r e l a t i o n of Ve loc i ty Ra t i o s a s a Func t ion 
of F r o u d e N u m b e r and the V o l u m e t r i c F low 
R a t e of Each P h a s e 

In the s i n g l e - p h a s e p o r t i o n of the loop , the r a t e of change of m o m e n 
t u m i s e q u a t e d to the ne t u n b a l a n c e of the f r i c t i on , g r a v i t a t i o n a l h e a d , and 
p r e s s u r e - d r o p f o r c e s : 

d W t2^ 

d T 

dCWfP 

d T 

(Pi - P 2 ) 
Ap gc 

£1-2 
( f+K) 

(Wf. 

2 Aj) D Q Pf 

(P2 P3 
A T g c fCWf^)^ 

2 A T D T P f 
Pf An 

Pf A D -

A Z i - a g 

h. 
(20) 

(21) 

In the t w o - p h a s e p o r t i o n s of the loop , an add i t iona l t e r m eva lua t ing 
the f o r c e n e c e s s a r y to a c c e l e r a t e the fluid with m e a n dens i ty c h a n g e s i s 
a d d e d . The r a t i o of t w o - p h a s e to s i n g l e - p h a s e f r i c t i ona l p r e s s u r e d r o p s in 
t he ne t bo i l ing p o r t i o n of the t e s t s e c t i o n i s a s s u m e d to be 

AP. t . p . 1.3 
A P s .p . 

U - a , 
(22) 

F i g u r e 6^° ' s hows the e x p e r i m e n t a l b a s i s for t h i s a s s u m p t i o n . 
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R^MEAN TWO PHASE FRACTION/SINGLE PHASE FRACTION 

[l/(l-5f 
7- 600 psig 
o- 400 
D- 250 
A- 150 

Fig . 6. Mean T w o - p h a s e F r i c t i o n Mul t i p l i e r 
v s . S t e a m Volume F r a c t i o n 

In the ad iaba t i c r i s e r sec t ion , the t w o - p h a s e to s i n g l e - p h a s e f r ic t ion 
r a t i o i s a s s u m e d ^ ' • 1^' to be 

A p. t . p . 
AP s .p . 

Vl- J 

Thus , the m o m e n t u m equa t ions for the t e s t s ec t ion and r i s e r a r e 

d(W3-4) 

d T (P3 - P 4 ) 

^ T 
i3-4 

A T g c . f <W3-4 <W3-4)^ Pf 

^3-4 

Wf 
g4 

2 A T D X (p3-4)^ 

w? 

- p. A T g 

w 

and 

d ( W 4 . i ) 

d T ( P 4 - P 1 ) 

h-

a4 A^pPg (1 -a4) Ai^ p^ Aij, p^ 

A R g c , (W4-1)' Pf 
. « 4 - l 

W 

- f 
2 A R D R ( P 4 . I ) 2 

w? 

P4-1 A R g 

W^ 
"^g4 W? 

23 

(24) 

(25) 

_a,Aj^Pg ( l - a i ) A l ^ P f a4A|^ Pg (l -a4)Af^ Pf 

If it be a s s u m e d that the s u m of the p r e s s u r e c h a n g e s a r o u n d the loop 
equa l s z e r o , the four equa t ions of m o m e n t u m c o n s e r v a t i o n can be c o m b i n e d 
into a s ingle equat ion giving the v a r i a t i o n of to ta l d o w n c o m e r flow: 
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d(Wf3) 

d T 
Ap gc 

h-z 

-^3-4 

A T g C 

1 

\ d T 

dW3-4 

dT 

W^ 

wf 
Pf A x g + f 2 A T D X Pf/ A x g c 

Wf.4 Pf 
+ f . . - • := 2 + P3-4 A x g 

2 D x A x (P3.4)' 

n. wf. 
3-4 l a 4 A x P g {I -a.^ A-i Pi A x P f 

dW- Wf 
+ f 

Pf 

2 D R A R (P4.1) 
+ P4 ARg 

W r W g4 
W? 

14 

A R g C \ dT 

I Wg_ _ . 
l^ttiARpg " ^ ( I - a i ) A R P f ttjARpg (1 - a 4 ) A R P g J y^ 

Z 
(f + K) 

Wf, 

2DpApPf 
- Pf A p (26) 



III. ANALOG C O M P U T E R CONSIDERATIONS 

A. Defini t ion of Mach ine V a r i a b l e s 

P 3 - 4 = a i3Xi3 , h Wf = a iX j 

Wf = W 
2 

W3_4 = a4X4, 

£ = W£ - a3X3, P4-1 - ai4Xi4, 

Q-i 

B. 

^ ^ 4 

•W4-I 

w 
g4 

= ^ 5 X 5 , 

= a^xj,, 

= a•^x•J, 

A s s i g n m e n t of Sc 

a i = 

a j = 

a4 = 

as = 

a6 = 

a? = 

1.0 

1.0 

1.0 

1.0 

1.0 

1 0 - 1 

a l e F a c t o r s 

^ 2 - 3 

.«3-4 

^ g 

b t = 

a i 3 

a i 4 

a 17 

a i 9 

a z o 

az i 

b = 

- ai9Xi9 

- azo^zo 

- a z iX j i , 

T, 

= 10^ 

= 10^ 

= 10^ 

= 10 

= 10 

= 10"^ 

1.0 

C. Mach ine E q u a t i o n s 

dX7 bai7X,7X7 ba7X7 

dt 2hfgLxPga2iX2i 2a2oa2i PgX^oXzi 

hf , , a j i X j , 
— - (hf - hm) - — — 
3-22 a 3 a 2 2 X 3 

d x . aob L-

dt a i7a i ,AxPf 

X^(hf-a22X22) 

h2 - a22X22 

(X4 = a27X27 

W, a-i 1X3 

a a „ x 33^33 

a34X34 

S = a,<,x. 3 6 ^ 3 6 

=^22 10^ 

a27 = 10 

a3i = 1 0 " ' 

= 10 

10^ 

10 

133 

^34 

^36 

a3bx3 

a i , A x P f 

(1) 

(2) 

(3) 
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dxi3 _ fa (a V - a ^ - a X •) (4) 
— - - va3X3 - acXc - a^xy; ^ / 

dt ai3a2oAxX2o 

X4 = —— (a3X3 + ajXs+a7X7) \ ^ ' 
a. 4 

a7PfX7 _ a7PfX7 (6) 
5 a5a27a36PgX27X36 a5a34PgX36 

X3, = ^ ^ + ^ - ^ i ^ - 3 2 ^ 1 (7) 
^36 a36 \ a4X4 p f A x 

L x a j , 

azo ^20 

a i 4 A R L R X i 4 

<;34 

'̂ Zl 

(8) 

(9) 
a 6a 34X6 

a 2 7 A x x 2 7 ( 1 0 ) 

-Et^ili- = ^ (a7X7 + a 5 X 5 - a i X i - a 3 i X 3 i ) ( l l ) 
dt a i4ARLR 

C4 ai3C4Xi3 ( 1 2 ) 

^ " a27 a27Pf 

X6 = ^ — ( a 7 X 7 + a 5 X 5 + a 3 i X 3 i + a i x i ) - (13) 
a6 

2 . 0 - C4 _ 2ai4Xi4 ^ ai3C4Xi3 (^4 ) 

a3 

a3iPf \ X31 / a j i P f \ X31 ^ 5 j 

a i a j j a j ^ p ) X33X3(, I a i a j ^ p I X36 
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dx3 / ^ a i^ApxiA ^ a3ai,bApfx^3Xi, ^ a3b(f + K)x'3 a j b A p x ' 

dt \''^ ^ A x i i - z / ^1-2 • 2 A x - D x P f ZDpApPf " A x ' ^1-2 ' A T ' P f 

a4a2obAj3 • f p^x^xzo a6bAj-,i4_if p^x^ 
+ 2 7 + Y 

a3ai3ATii -22DTATx,3 a3a]4ARii-22DRARXi4 

ai4a2obApgxi4X2o ^ ai4bApi4_ igxi4 ^ a ^ b A p p ^ g x , , 

asiii-z 

2 , A 2 2 , . 2 

a3ibApX3i a j b A p x , 
+ 

(16) 

a3a33^i-2ARP X33 a3^,-2ARP£(l - a3iX3i) 

a4a2 0X2 0 \ dx4 ^ / a 6 A p i 4 - i \ dxf, 
a^ATii.J dt \ a 3 A R « i - 2 / dt 

bPfApZi -2g 

a3^i-z 

D. Values of Cons tan t s and Ini t ia l Condi t ions 

Tab le 1 

1-in. g e o m e t r y , 600 ps ig 

A p = 2.33 X 10"^ ft̂  f = 0.0155 

A R = 4.79 X 10" ' ft̂  f + K = 0.261 L T = 3.0 ft 

AT = 4.79 X 10"^ ft' g = 32.2 f t / s e c ' p^ = 49.50 Ib/ft^ 

Ci = 1.3 hf = 474.7 B t u / l b p^ = 1.333 Ib/ft^ 

C2 = 22.8 hg = 1203 B t u / l b Z1-2 = 6.42 ft 

C3 = 3.0 hfg = 728.3 B t u / l b 

C4 = 1.6 hm = 60 B t u / l b 

D p = 0.17225 ft ii-2 = 16.67 ft 

D R = 0.0781 ft 

D T = 0.0781 ft 

Q T ( 0 ) = 54.0 kw, Wf3(0) = 0.947 l b / s e c , P4-i(0) = 23.8 Ib/ft^ 

P3-4(0) = 33.4 lb / f t ' , ^2-3(0) = 1.089 ft Wg^ = 0.0461 l b / s e c . 
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Table 2 

I - i n . g e o m e t r y , 300 ps ig 

A p = 2.33 X 10"^ 

AR = 4.79 X 10-^ 

A T = 4 .79 X 1 0 " ' 

Ci = 1.63 

Cz = 34.2 

C3 = 4 .85 

0 4 = 1.6 

D p = 0 .17225 ft 

Q T ( 0 ) = 46.0 kw 

P3-4(0) = 32.2 l b / 

ft^ 

ft^ 

ft^ 

^ft' 

DR = 0.0781 ft 

D T = 0.0781 ft 

f = 0.0155 

f + K = 0.261 

g = 32.2 f t / s ec^ 

hf = 398.8 B t u / l b 

hg = 1203.2 B t u / l b 

hfg = 804.4 B t u / l b 

Wf3(0) = 0.830 l b / s e c 

^2-3(0) = 0.846 ft. 

E . Ana log C i r c u i t D i a g r a m 

See fol lowing F i g u r e 7. 

h m = 60 B t u / l b 

£i.z = 16.67 ft 

^4-1 = 3 . 5 ft 

L T = 3.0 ft 

Pf = 52.63 l b / f t ' 

p = 0.6798 lb / f t 

Z , - , = 6.42 ft 

P4-i(0) = 19.75 l b / f t ' 

Wg^(O) = 0.03935 l b / s e c . 
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23 

F, Potentiometer Settings 

(I) 1-in. geometry, 600 psig. 

The following table gives the potentiometer settings for the 
"Armadil la" I-in. geometry at 600 psig. 
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"A" MACHINE 

Table 3 

3xiomt Bational Xaboratorg 
APPLIED MATHEMATICS DIVISION 

ANALOG COMPUTER 

POTENTIOMETER SETTINGS 

(600 psig 

PROBLEM NO. ) ^ 8 7 / K , E 
DRAWING NO. >5hPflt ) ( i f 4 
DATE 

POTENTIOMETER NO. 

DRAWING MACHINE 

4 0 

Zl 

23 

24 

2 5 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

52 

37 

38 

39 

42 

4 3 

44 

4 5 

46 

MATHEMATICAL 

VALUE 

aaAnazoAT 

as/anazoAT 

a7/ai3a2oAT 

3 3 / 2 a4 

a s / ^ a ^ 

a 7 / 2 a 4 

VALUE 

(a7p£/a5a36Pg) x 1 0 " ' 

(a7Pf/a5a27a36Pg) x 1 0 " ' 

( a 2 7 / a 2 i ) A T 

C4ai3/a27Pf 

a 7 / a i 4 A R L 4 - l 

a s / a w A R L R 

a i / a n A R L R 

a 6 a 3 4 / 7 . 2 a i 4 

a 7 / 2 a 6 

a 5 / 2 a ( , 

a , / 2 a 6 

C 4 a i 3 / a 3 3 P f 

2 a i 4 / a 3 3 p £ 

a s / a u A R L R 

a , 1 / 2 a 6 

( a s i P f / a i a j t P g ) x 

a 3 i P f / a i a 3 3 a 3 6 P g 

C 2 a 7 / a 4 a 3 6 

0 - ' 

CORREC

TION 
SETTING 

0 . 2 0 8 8 

0 . 2 0 8 8 

0 . 0 2 0 9 

0 . 5 0 0 0 

0 . 5 0 0 0 

0 . 0 5 0 0 

0 . 0 3 7 1 

0 . 0 0 3 7 

0 . 4 7 9 2 ( 

0 . 3 2 3 5 

0 . 0 5 9 6 

0 . 1 1 9 3 ( 

0 . 1 1 9 3 ( 

0 . 1 3 8 9 

0 . 0 5 0 0 

0 . 1 0 0 0 ( 

0 . 5 0 0 0 

0 . 3 2 3 5 

0 . 4 0 4 0 

0 . 0 5 9 6 

0 . 0 5 0 0 

0 . 0 3 7 1 

0 . 0 3 7 1 

0 . 2 2 8 0 

10 

5) 

5) 

5) 

) 
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"A" MACHINE 

2Ugonn( Bational Xalioraui| 
APPLIED MATHEMATICS DIVISION 

ANALOG COMPUTER 

POTENTIOMETER SETTINGS 

(600 psig) 

PROBLEM NO. 
DRAWING NO. S h e e 
DATE 

1 2 8 7 / R I 
.eet 2 of 

RK. 

POTENTIOMETER NO. 

DRAWING MACHINE 

4 7 

4 8 

4 9 

50 

51 

54 

2 

3 

4 

5 

6 

7 

8 

10 

11 

12 

13 

14 

15 

16 

2 0 

36 

78 

79 

21 

MATHEMATICAL 

VALUE 

(hf - h m ) a 3 i / a 3 a 2 2 

a 7 / 2 a 2 o a 2 i P g 

a i 7 / 2 a 2 i h £ g L x P g 

L x / A T P f a , , 

C 3 a 7 / a 3 4 p £ A T 

a 3 / a i , A x P f 

L T / a 2 0 

1 . 6 / a 2 , 

2 / 5 3 3 3 

Q T ( 0 ) / a , 7 

h f / a z z 

i 2 - 3 ( 0 ) / a i 9 

p 3 - 4 ( 0 ) / a i 3 

P 4 . i ( 0 ) / a , 4 

W g ^ ( 0 ) / a 7 

1CX22 

ICxzz 

ICX7 

I C x , 

C i / a 3 6 

h £ / a i 7 a i 9 

6 X 1/T4 

VALUE 
CORREC

TION 
SETTING SE 

0 . 0 4 1 5 

0 . 0 3 7 5 ( 1 0 ) 

0 . 1 7 1 7 ( 1 0 ) 

0 . 1 2 6 5 ( 1 0 ) 

0 . 1 2 6 5 

0 . 4 2 1 7 

0 . 3 0 0 0 

0 . 1 6 0 0 

0 . 0 4 0 0 

0 . 5 4 0 0 

0 . 4 7 4 7 

0 . 1 0 8 9 

0 . 3 3 4 0 

0 . 2 3 8 2 

0 . 4 6 1 0 

0 . 1 3 0 0 

0 . 4 7 4 7 

0 . 6 0 0 0 (10 ) 

0. 1000 

0 . 1 0 0 0 

0. 1000 
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MACHINE 

Argonne Bational ILaboratorg 
APPLIED MATHEMATICS DIVISION 

ANALOG COMPUTER 

POTENTIOMETER SETTINGS 

(600 psig) 

1287/RE PROBLEM NO. 
DRAWING NO. Shfpt 3 nf 4 
DATE 

POTENTIOMETER NO. 

DRAWING MACHINE 

3 

4 

11 

12 

21 

22 

24 

2 5 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

MATHEMATICAL 

VALUE 

Wf3(0)/a2 

1.0 X 10"^ 

1.0 X 10" ' 

PfA^Zi-zg X 10'^ 

a3^,-z 

12.0 

0.5000 

VALUE 

/ f + K A D \ 

Y^D^DPf A'-pii-zPf/ 

/ ADf \ , 

[zA'T-i.-zOT-Pij ' 
•i^x 10-
13 

CORREC

TION 

3 

2 

( l-3ADfpfa2oa4 \''" , 
— i —\ ^ '0 

\2AT.2i-2DTa3ai3/ 1 

(AD^4-iai4g/il-za3) x 10"^ 

(ADPfai,g/ii-2a3) x 10"^ 

ADi4-lfPfa6(0.72 

ARii-22DRARa^4, 

z 

13 

(a^azoADg/aj^i-z) x 10"^ 

6.0 

(a3iAD/ii-zARPga3a33) x 10"^ 

(a^AD/ii-2ARpfa3) x lO'^ 

1.0 

(a3a„AD/AT.«i-2) x 10"^ 

12.0 

SETTING SE 

0.9470 

0.0100 

0. 1000 

0.8000(15) 

0.1000(15) 

0.1575 

0.2228 

0.4501 

0.6000 (10) 

0.0005 

0.0012 

0. 1000 

0.0292 

0.8000 (15) 

AU)-2C (S-57: 
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" B " MACHINE 

3rgonnc Bational l^oratorg 
APPLIED MATHEMATICS DIVISION 

ANALOG COMPUTER 

POTENTIOMETER SETTINGS 

(600 psig) 

PROBLEM Mn 12 8 7 / R E 
DRAWING NO. .Shppt 4 n f 4 

DATE 

POTENTIOMETER NO. 

DRAWING MACHINE 

38 

40 

41 

42 

43 

44 

39 

MATHEMATICAL 
VALUE 

VALUE 
CORREC

TION 

(ADi4-l/a3a6AR.ei-z) X 10"' 

(azoAD/a3a4AT.2i-2) x 10"^ 

6 / T , 

12 /T^ 

12 A ! 

6 / T I 

SETTING 

0.0102 

0.0292 

0 .2480 

0.0296 

0.0296 

0 .2480 

0.1000 

SET PARAMETERS 
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(2) 1-in. geometry, 300 psig 

The necessary potentiometer changes for a p ressure change 
to 300 psig are shown in Table 4. 
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"A" MACHINE 

Table 4 

Argonne Bational laboratorg 
APPLIED MATHEMATICS DIVISION 

ANALOG COMPUTER 

POTENTIOMETER SETTINGS 

(300 psig 

PROBLEM NO. 1 2 8 7 / R F . 
DRAWING Mn S h e e t 1 o f 3 

DATE 

POTENTIOMETER NO. 

DRAWING MACHINE 

2 7 

2 8 

30 

38 

39 

4 4 

4 5 

4 6 

4 7 

4 8 

4 9 

50 

51 

54 

5 

6 

7 

8 

10 

11 

12 

13 

14 

15 

MATHEMATICAL 

VALUE 
VALUE 

(a,Pf/a5a36Pg) x 10" ' 

(a7Pf/a5a27a36Pg) x 10" ' 

C4ai3/a2,pf 

C4ai3/a33P£ 

2ai4/a33P£ 

(a3ipf/a,a36Pg) x 10" ' 

a3iPfAia33a36Pg 

C2a7/a4a36 

(hf - hm)a3i/a3az2 

a.'j/Za-iQa.iiPg 

a i , /2a2 ihfgLxPg 

LT/ATPfai9 

C3a7/a36PfAT 

a s / a , , ATPf 

QT(0) /a i7 

hf/a22 

i 2 . 3 ( 0 ) / a i , 

P3-4(0)/ai3 

P i - l (0) /a i4 

Wg^(0)/a , 

ICX22 

ICxzz 

ICx, 

ICx, 

CORREC

TION 
SETTING 

0 . 0 7 7 4 

0 . 0 0 7 7 

0 . 3 0 4 0 

0 . 3 0 4 0 

0 . 3 8 0 0 

0 . 0 7 7 4 

0 . 0 7 7 4 

0 . 2 9 3 0 

0 . 0 3 3 9 

SET 

0 . 0 7 3 6 ( 1 0 ) 

0 . 3 3 6 7 ( 1 0 ) 

0 . 1 1 9 0 ( 

0 . 1 1 9 0 

0 . 3 9 6 7 

0 . 4 6 0 0 

0 . 3 9 8 8 

0 . 8 4 6 0 

0 . 3 2 2 0 

0 . 1 9 7 5 

0 . 3 9 3 5 

10) 
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"A" MACHINE 

2lrgonne Bational laboratorg 
APPLIED MATHEMATICS DIVISION 

ANALOG COMPUTER 

POTENTIOMETER SETTINGS 

( 3 0 0 p s i g ) 

PROBLEM NO 1 2.S7/RE 

DRAWING NO. iShpPt ?. n f 3 

DATE 

POTENTIOMETER NO. 

DRAWING MACHINE 

16 

20 

MATHEMATrCAL 
VALUE 

C i / a 3 6 

h f / a i 7 a i 9 

CORREC
TION 

SETTING 

0.1630 

0.3988 

AkO.ZC (0-97) 
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" B " MACHINE 

^gonne Bational ILaboratorg 
APPLIED MATHEMATICS DIVISION 

ANALOG COMPUTER 

POTENTIOMETER SETTINGS 

( 3 0 0 p s i g ) 

PROBLEM NO 1 2 8 7 / R E 

DRAWING NO. S h e e t 3 nf .3 
DATE 

POTENTIOMETER NO. 

DRAWING MACHINE 

3 

12 

2 4 • 

2 5 

2 6 

2 8 

29 

32 

33 

MATHEMATICAL 

VALUE 

Wf3(0)/a3 

PfADZi-2g X 10"^ 

a 3 . « l - 2 

VALUE 
CORREC

TION 

/ f + K A D \ 

\2DDADPf ' AT.«i-2pf/ *"' 

/ ADf \ a . 

\zA'-rj.£i.,DjpJ^i 
X 1 0 " ^ — 

/ LSAQlpfazoal \ 
z 2 '̂  ' ° \2AT.«l-2DTa3ai3/ 

(ADPfai ,gAi-2a3) x 10"^ 

A D ^ - l f P f a i 

AR^i-22DRARai4a3 

(a3iADAi-2ARPga3a33) x 10"^ 

(a'iAD/-«l-2ARPfa3) x 10" ' 

SETTING SE 

0 . 8 3 0 0 

0 . 2 3 6 9 

0 . 0 0 0 9 

0 . 0 0 1 1 

, „ . ! C ( • • " I 

file:///2DDADPf
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IV. COMPARISON O F M O D E L P E R F O R M A N C E WITH 
E X P E R I M E N T A L DATA 

The c o m p a r i s o n of the p e r f o r m a n c e of the ana log m o d e l wi th the 
e x p e r i m e n t a l t e s t loop is p r e s e n t e d in g r a p h i c a l f o r m . Dur ing the d e v e l 
opmen t and t e s t i n g of the m o d e l m a n y g r a p h s w e r e m a d e . R e p r e s e n t a t i v e 
c o m p a r i s o n s a r e p r e s e n t e d in the following s e c t i o n s . 

A. S t e a d y - s t a t e Connpar ison 

The s t e a m void f rac t ion a t the t e s t s e c t i o n exi t and the t o t a l r e c i r c u 
la t ion flow r a t e a r e shown a s funct ions of power input in F i g s . 8, 9, and 10. 

0 801 —I 0.40[-

0 7 0 -

0 . 6 0 - - V " ^ 5 0.30-

0 50 -

0 4 0 - ^ 0 2 0 -

0,30 

ANALOG-' 

J I L 

Fig . 8. C o m p a r i s o n of E x p e r i m e n t a l Da ta 
Model for the Fol lowing: 

/ i th Analog 

Pressure - 600 psig Aj.s 
hm-u -60 Btu/lb Dy s 

U.S. 

0.622 in. 
36.0 in. 

AR -- 0.3M in. 
DR ^ 0.622 in. 
LR ^ Jl.Oin, 

Ao = 3.356 in.2 
OD '- 2.067 in. 
Lo -- 200.0 in. 

0.70 

0.60 

) 0 5 0 

0 4 0 
-EXPERIMENTAL 
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Fig . 9. C o m p a r i s o n of E x p e r i m e n t a l Data with Analog 
Model for the Fol lowing: 
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-60 Btu/IB OTS = 0.622 i 
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W
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) 
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—EXPERIMENTAL 
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Fig . 10. C o m p a r i s o n of E x p e r i m e n t a l Da ta with Analog 
Model for the Fol lowing Condi t ions : 

Pressure 
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- 400 psig 
-60 Btu/lb 

AT.S. 
DT.S. 
LT.S. 

- 0.304 in.2 
• 0,622 in. 
• 36-0 in. 

AR 
DR 
LR 

0.304 in,2 
0,622 in. 
41,0 in. 

AD 
DD 
LD 

3,356 in,2 
2.067 in. 
200.0 in. 



33 

In general , the total flow-rate curve is slightly low (2-5%), but the 
slope of the curve, which seems intuitively more important, compares 
very well with the prediction. 

B. Oscil latory Power 

Few experimental points with sinusoidal power variations are 
available. Comparison of the analog with one of these points is shown in 
Fig. 11. 

m 
^ 

=̂5 

• aoo 

. ISO 

KHUfkN] 

EIPERIMENTKL FLW RATE 
(Ib/Mc) 

ANALOa FLDN RATE 
(lb/.«} 

ANALOG STEAM VOLUME FRACTION 

EXPERIMENTAL STEAM VOLUME FIACTtOH 

Fig. 11 

Transient Comparison Between 
Analog Model and Experimental 
Measurements 

C. Unstable Power Levels 

The powers at which the analog model began to oscillate and over
load are compared with experimental points of lowest oscillatory power 
in Fig. IE. 

In addition to the above unrestr ic ted runs, an attempt was made to 
investigate the effect of simulating r i se r and downcomer restr ic t ions in 
the analog model. 

Since the steady-state losses through an orifice in single-phase 
flow are directly proportional to the velocity head, the downcomer res t r i c 
tion was simulated by increasing the downcomer friction factor. 

The actual res t r ic t ion in the experimental loop is a valve with an 
unmeasured loss coefficient, making it impossible to evaluate the required 
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increase in friction factor. This was overcome by increasing the friction 
factor in the analog model with the model operating at steady state. When 
the analog recirculation rate decreased by the same fraction as in the ex
perimental loop, it was assumed that the orifice was correct ly simulated. 

-

— 
-

-

-

-

-

-

— 
-

-

-

1 1 1 1 1 

» ANALOG MODEL 

-c- EXPERIMENTAL DATA 
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1 1 1 1 1 

1 

e , 

s 

1 

l l l l 

/ l " DIAMETER TEST 

SECTION a RISER 

1/2" DIAMETER TEST 

SECTION a RISER 

— * • ' ® 

e 

l l l l 

-

-

— 
-

— 
-

-

— 

-

— 

Fig, 12 

Comparison of Predicted 
and Measured Power at 
the Inception of Oscillation 

100 200 300 4 00 500 600 

PREZ5UK (PSIG) 

Assuming that all losses occur in the flowing liquid phase and the 
void fraction remains constant, it can be shown(ll) that the steady-state 
losses across an orifice in a two-phase region are directly proportional 
to the velocity head and to the two-phase friction factor R as evaluated 
in the model: 

AP 
1 

loss 
V' 
2g (1 -a )^ 

But this is the form of the r i se r friction te rm in the momentum 
equation. Therefore, the orifice was simulated by changing the coefficient 
corresponding to the r i ser friction factor. 

As with the downcomer restriction, the change in the coefficient 
was determined by the resultant change in total recirculation rate. 

The analog restr ict ion simulations were run with the 1-in. geom
etry at 300 psig. The resul ts are tabulated in Table 5. The 4 kw heat loss 
correction has been added to the analog unstable power values. 
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Table 5 

Comparison of Unstable Power Levels (1-in. geometry, 300 psig) 

Type Restr ict ion 

Unrestr ic ted 
Low Downcomer Restr ict ion 
High Downcomer Restr ict ion 
Low Riser Restr ict ion 

Analog 
Unstable Po 

(kw) 

80 
76 
69 
67 

wer 
Exp erimental 

Unstable Power 
(kw) 

81 
82 
90 
65 

Clearly the r i s e r orifice was correct ly simulated. A possible 
cause of the discrepancies in the downcomer restr ict ion is in the assump
tion that evaluation of the steady-state loss is adequate for the model. For 
measuring pulsating flow with an orifice it is recommendedV-^'^/ that 
s teady-state solutions be applied only when the Strouhal number is less 
than 0.002. The Strouhal number, which gives an indication of the re la
tive importance of the acceleration due to flow variation with time and 
the accelerat ion due to flow variation with pipe location, has the following 
form: 

Ns = Df/V 

where D is the orifice diameter , f is frequency, and V is average flow 
velocity. The Strouhal number for the downcomer restr ict ion is 0.21. 
For the r i s e r orifice it is 0.0023. 

Possibly the incorrect evaluation of the large time-dependent ac
celeration in the downcomer caused the incorrect trend in the analog model. 

[ 
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V. FURTHER RESULTS 

Since the model is capable of predicting the transient loop behavior, 
the model was dismantled, and the effect of each alteration on the power 
at inception of oscillations was noted. A part icular geometry and p r e s 
sure condition was selected as standard, and the model performance was 
compared with the standard after each change. 

(1) From the standard, the cor rec t slip ratio at the initial re la
tively low power, the rate of increase of slip ratio with power, and the 
slip ratio at maximum stable power were determined. Four alternate 
models of slip dependence on power were tested. The resul ts are shown 
in Fig. 13. In cases 1 and 2, slip ratio is too low at the normal oscillatory 
power, and the model became unstable at a lower power level. Note that 
the model oscillated at the correc t power in cases 3 and 4. These results 
indicate that the model is sensitive to the magnitude of the slip ratio, but 
insensitive to the rate of change of slip ratio with power. 

a o 

. 1 1 1 
5 50 55 60 65 

POWER. hw 

1 
70 

OSCILLATION POWER 
WITH CORRECT 
VELOCITY RATIO 

1 1 1 1 1 
75 80 

Fig. 13. Alternate Models of Velocity 
Ratio as a Function of Power 

(2) The time lag between changes of enthalpy (due to either flow 
or temperature variation) at the makeup point and at the inlet to the test 
section was computed from the total flow rate and the downcomer geom
etry. The power level at oscillation was unaffected when the lag was in
creased, decreased, or completely eliminated from the model. 

(3) The combined momentum equation (Eq. 11.26) has two te rms 
containing derivatives. These te rms account for the variation in acceler 
ation of the two-phase p ressure drop when the mean test section and r i se r 
mass flow rates vary. Therefore, only a small correction to a par t of the 
overall two-phase pressure drop is contributed by these derivatives. 
Since differentiation is a noise-amplify ing system, it was thought that the 
derivatives would influence the model. The effect of eliminating the deriv
atives was studied. Individual and collective elimination of these t e rms 
from the system had no effect on the oscillatory power level. 
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(4) It was previously stated that the time lag of a void change 
t ravers ing up the r i s e r was calculated by assuming the void change moves 
up'ward with the local liquid velocity. Six variations of this time lag were 
tested. The lag was multiplied by 0, 0.75, 1.0, 1.33, 1.5, and 2.0, and the 
unstable power level for each case measured. The dependence of unstable 
power on this lag is shown in Fig. 14. 

FRACTION OF CORRECT TIME LAG 

Fig. 14. Dependence of Unstable 
Power on Riser Time Lag 
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VI. GENERAL DISCUSSION AND CONCLUSIONS 

It has been hypothesized that a change of flow pattern somewhere 
within the loop causes a discontinuous change in s team-water distribution 
and pressure drop. These effects feed back into the loop dynamics, caus
ing a reversion to the original flow pattern, which causes the loop to os 
cillate. It may be true that loops of different geometries oscillate from 
different basic causes. Therefore, we cannot rule out the hypothesis. 

The hypothesis, clearly, does not apply to the loop presented herein, 
since the model properly predicts the transient behavior and oscillatory 
power level with the use of two-phase friction and void fraction cor re la 
tions with no discontinuities. 

The two-phase pressure -drop and void-fraction correlat ions used 
in this model were originally derived from steady-state data. Within the 
frequency range considered (the loop oscillated in the period range of 
1.0-1.5 sec/cycle), these correlations do an adequate job. 

Continued effort to obtain a simple physical model with an attendant 
stability correlation is deemed worthwhile. The complexity of a complete 
model makes it difficult to apply in the design stages of a reactor project. 

It is hoped that knowledge of the relative importance of the indi
vidual components of the system herein, and other models, will soon lead 
to simple, useable stability cr i ter ia . 
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